Three proteins encoded by murine cytomegalovirus (MCMV)-gp34, encoded by m04 (m04/gp34), gp48, encoded by m06 (m06/gp48), and gp40, encoded by m152 (m152/gp40)-act together to powerfully impact the ability of primed cytotoxic CD8 T lymphocytes (CTL) to kill virus-infected cells. Of these three, the impact of m152/gp40 on CTL lysis appears greater than would be expected based on its impact on cell surface major histocompatibility complex (MHC) class I. In addition to MHC class I, m152/gp40 also downregulates the RAE-1 family of NKG2D ligands, which can provide costimulation for CD8 T cells. We hypothesized that m152/gp40 may impact CTL lysis so profoundly because it inhibits both antigen presentation and NKG2D-mediated costimulation. We therefore tested the extent to which m152/gp40's ability to inhibit CTL lysis of MCMV-infected cells could be accounted for by its inhibition of NKG2D signaling. As was predictable from the results reported in the literature, NKG2D ligands were not detected by NKG2D tetramer staining of cells infected with wild-type MCMV, whereas those infected with MCMV lacking m152/gp40 displayed measurable levels of the NKG2D ligand. To determine whether NKG2D signaling contributed to the ability of CTL to lyse these cells, we used a blocking anti-NKG2D antibody. Blocking NKG2D signaling did affect the killing of MCMV-infected cells for some epitopes. However, for all epitopes, the impact of m152/gp40 on CTL lysis was much greater than the impact of inhibition of NKG2D signaling. We conclude that the downregulation of NKG2D ligands by MCMV makes only a small contribution to the impact of m152/gp40 on CTL lysis and only for a small subset of CTL.
All cytomegaloviruses (CMVs) interfere with the major histocompatibility complex (MHC) class I pathway of antigen presentation. Although the biological ramifications of this interference remain unclear, the variety of molecular mechanisms employed by different CMVs to attack MHC class I is impressive. Murine CMV (MCMV) contains three viral genes whose products interfere with MHC class I: m04/gp34, m06/ gp48, and m152/gp40 (37) . This interference has been demonstrated by their ability to impair the lysis of infected targets by cytotoxic T-lymphocytes (CTL) (17, 31) . m06/gp48 binds MHC class I and diverts it to lysosomes for destruction (33) . m152/gp40 causes nascent MHC class I to be retained in the endoplasmic reticulum cis-Golgi intermediate compartment (6, 34, 38) . m04/gp34 binds some MHC class I and escorts it to the cell surface; in different circumstances, m04/gp34 can either increase or decrease susceptibility to CTL lysis (17, 21, 30, 31) . Both m06/gp48 and m152/gp40 reduce the cell surface expression of MHC class I, whereas m04/gp34 either has no impact on cell surface MHC class I or slightly elevates the levels (22, 31, 35) . We recently assessed the relative impacts of the three MHC class I immune evasion genes on the ability of CTL specific for 15 H-2 b -restricted epitopes to lyse infected cells (31) . This study revealed that the three genes act powerfully together to impair CTL lysis of infected cells. We used a panel of mutant viruses generated by Wagner et al. (35) in which m04, m06, and m152 are deleted either alone or in combination. This revealed that m06/gp48 and m152/gp40 made the major contribution to this inhibition, with a contribution from m04/gp34 being needed only for certain epitopes. Thus, the two genes that downregulate cell surface MHC class I also had the greatest impact on CTL lysis. However, the degree of cell surface MHC class I downregulation did not correlate precisely with the inhibition of CTL lysis. This was most marked in the case of m152/gp40, which had only a moderate impact on the endoplasmic reticulum export of nascent MHC class I and on cell surface MHC class I levels but had a profound impact on CTL lysis. The fact that m152/gp40's impact on CTL lysis was greater than would be expected from its impact on cell surface MHC class I was also noted by Wagner et al. in the original description of their panel of immunoevasin-deficient viruses. These authors postulated that the discrepancy might be explained by a recently uncovered second function of m152/gp40, namely, its ability to prevent the expression of the RAE-1 family of ligands for NKG2D (23, 26) .
NKG2D is an activating receptor found on natural killer (NK) cells and on antigen-experienced CD8 T cells. Most NKG2D ligands are not constitutively expressed but are induced by transformation or stress, notably by viral infection (1, 12) . In the mouse, there are three groups of known NKG2D ligands, the RAE-1 family of molecules, H-60, and MULT-1 (5, 8, 9) . These molecules are major targets of CMV immune evasion: four MCMV genes (m138, m145, m152, and m155) are involved in preventing their expression on infected cells (16, (23) (24) (25) 27) . The downregulation of the individual NKG2D ligands by each of these MCMV genes affects the ability of NK cells to control MCMV infection (16, (23) (24) (25) (26) (27) . m152/gp40 prevents the expression of the RAE-1 family of ligands for NKG2D (23) . Thus, m152/gp40 has at least two targets: MHC class I and RAE-1 molecules. Although it is best characterized as a major activating receptor on NK cells, NKG2D does also function as a costimulatory molecule on CD8 T cells (19) . In fact, for two human CMV (HCMV)specific CTL clones, costimulation through NKG2D was necessary to enable the lysis of infected targets once the HCMV immune evasion genes had downregulated MHC class I (14) . We therefore wondered whether the apparently disproportionate impact of m152/gp40 on CTL lysis could be explained by its ability to inhibit RAE-1 expression, depriving the CTL of NKG2D-mediated costimulation.
The purpose of the present study was to test the hypothesis that NKG2D inhibition contributes to the profound impact of m152/gp40 on the ability of CD8 T cells to lyse MCMV-infected targets. Although all MCMV-specific CD8 T cells come to express NKG2D over time, we found that costimulation by the NKG2D ligand RAE-1 played only a small role in promoting CTL lysis and only for a subset of epitope specificities. For this minority of specificities, the inhibition of NKG2D signaling did contribute to m152/gp40's impact on CTL lysis. Contrary to our initial hypothesis, overall, targeting of NKG2D does not play a major role in m152/gp40's impact on CD8 T-cell killing.
MATERIALS AND METHODS
Cells. IC-21 cells (a simian virus 40-transformed macrophage cell line from C57BL/6 mice [4] , a gift from Ann Campbell, Eastern Virginia Medical School) were cultured in RPMI medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/liter glucose, 1.5 g/liter sodium bicarbonate, and antibiotics. K42 cells (simian virus 40-transformed H-2 b fibroblasts, a gift from Marek Michalak, University of Alberta), C57BL/6 mouse embryo fibroblasts (MEFs) (isolated from C57BL/6 mice), BALB/c MEFs (isolated from BALB/c mice), L929 cells (ATCC), and B16-FL cells (murine melanoma tumor cell line producing FLT-3 ligand [11] , a gift from Glen Dranoff, Harvard Medical School) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS and antibiotics. The L929 supernatant, a source of macrophage colony-stimulating factor, was harvested from L929 cells grown for 10 days after reaching confluence. Primary bone marrow macrophages (BMM⌽) were isolated by the procedure described by Bouwer et al. (2) . Briefly, bone marrow was cultured on non-tissue-culturetreated petri dishes in Dulbecco's modified Eagle's medium with 10% FBS, 30% macrophage colony-stimulating factor from L929 supernatant, and antibiotics. Lymphokine-activated killer (LAK) cells were prepared by incubating C57BL/6 mouse splenocytes for 4 days in RPMI complete medium containing 1 g/ml interleukin-2.
Viruses. Wild-type bacterial artificial chromosome-derived MCMV strain MW97.01 (36) ⌬m04, ⌬m06, ⌬m152 ⌬m04ϩm06, ⌬m04ϩm152, ⌬m06ϩm152, and ⌬m04ϩm06ϩm152 (35) mutant viruses were grown in C57BL/6 MEFs and then purified by being pelleted over a 15% sucrose cushion (3). Each virus stock was titered without centrifugal enhancement on BALB/3T3 cells. The mean of the results of three virus titrations was used to calculate titers for use in these assays.
T-cell lines. Female C57BL/6 or BALB/c mice were purchased from NCI Fredrick (Baltimore, MD) or The Jackson Laboratory (Bar Harbor, ME) and infected with either 1 ϫ 10 6 or 5 ϫ 10 6 PFU of MCMV. Spleens were harvested from mice that had been infected at least 11 weeks previously. As a source of dendritic cell-enriched splenocytes to stimulate CTL lines, we used spleens from mice that had been injected 14 days previously with the Flt-3 ligand-secreting B16-FL tumor cells. Splenocytes from the B16-FL-cell-injected mice were gamma irradiated, pulsed with peptide at 10 Ϫ8 M, and cultured with splenocytes from MCMV-infected mice in RPMI supplemented with 10% FBS for 3 days, after which 10 U/ml recombinant interleukin-2 (eBioscience) was added. After 10 days, the percentage of CD8 T cells responding to the stimulating peptide epitopes was assessed by intracellular cytokine staining (ICS), and the cells used in 51 Cr release assays.
Antibodies and tetramers. Anti-gB and anti-gH were a gift from Lambert Loh (28, 29, 32) . Anti-NKG2D (MI-6) (19) and anti-pp89 (7) were purified on protein A and G (Sigma-Aldrich) columns and conjugated to fluorescein isothiocyanate (Molecular Probes), phycoerythrin, or allophycocyanin (Cyanotech) according to published protocols (15) . Anti-gamma interferon (IFN-␥) (XMG1.2) and anti-CD8 (53-6.7) were purchased from eBioscience. Anti-MULT-1 (237104), anti-RAE-1pan-specific (186107), and anti-H60 (205326) were purchased from R&D Systems and used according to the manufacturer's instructions. Staining with NKG2D tetramers was done as previously described (9) . Db-M45 tetramers, generated as previously described (13) , and M38, m139, and m141 tetramers, a kind gift from Sophie Sierro and Paul Klenerman (University of Oxford, Oxford, United Kingdom) were coupled to streptavidin-phycoerythrin.
FACS analysis. IC-21 cells were infected overnight with the panel of mutant viruses at a multiplicity of infection of 20 in the presence of 0.3 mg/ml phosphonoacetic acid (PAA) (Sigma-Aldrich). PAA is used to limit cytopathic effect by blocking late gene expression. We have previously reported that PAA does not alter immune evasion gene function in macrophages (30) . For intranuclear staining, cells were stained with tetramer specific for anti-NKG2D ligands, fixed with CytoFix/CytoPerm (BD Bioscience), and then permeabilized by incubation for 5 min with 0.1% Triton X-100 (Sigma-Aldrich) in phosphate-buffered saline. The cells were then stained for 30 min with anti-pp89 in the presence of 0.1% Triton X-100. The cells were washed three times in 0.1% Triton X-100 and then washed one time in fluorescence-activated cell sorter (FACS) buffer before analysis. ICS was used to demonstrate the antigen specificity. For ICS, CD8 T-cell lines were incubated with their appropriate peptide at 1 M in the presence of brefeldin A (Golgi-plug; BD Bioscience) for 6 h, stained with anti-CD8 and anti-NKG2D, fixed with CytoFix/CytoPerm (BD Bioscience), permeabilized with PermWash (BD Bioscience), and stained with anti-IFN-␥. All cells were analyzed by using a FACSCalibur flow cytometer (BD Bioscience) in conjunction with Cell Quest (BD Bioscience). All further analysis was performed using FlowJo software (Treestar).
Assay for cell-mediated cytotoxicity. Amounts of 10 4 MEF IC-21, K42, or BMM⌽ target cells per well were plated in 96-well plates, infected with the indicated viruses at a multiplicity of infection of 20, and labeled with 100 Ci 51 Cr (NEN) in the presence of 0.3 mg/ml of PAA for 12 h. For peptide-pulsed targets, 51 Cr-labeled cells were incubated with 1 M peptide for 1 h at 37°C and then washed three times. Effector T cells were incubated with the appropriate concentration of anti-NKG2D (MI-6) or isotype control immunoglobulin G (IgG) for 1 h, and then the effector cells were added at the indicated effectorto-target (E/T) ratios in the presence of blocking antibody or control antibody. The cells were incubated for 6 h, and the supernatants were harvested and assayed with a Topcount scintillation counter (Packard Instruments). The background 51 Cr release was determined by incubating targets with medium alone, and the total 51 Cr release by lysing targets with medium containing 1% Nonidet P-40 (USB). The percent specific lysis was calculated as follows: (experimental counts per minute [cpm] Ϫ background cpm)/(total cpm Ϫ background cpm).
Statistics. The statistical significance was determined by using Student's t test. A paired two-tailed t test was used, and all comparisons were determined to be of equal variance.
RESULTS

NKG2D is expressed on MCMV-specific CD8 T cells in vivo and in vitro.
According to the literature, NKG2D is expressed on murine CD8 T cells within several days of activation (10) . Because CMV-specific memory CD8 T cells have an unusual phenotype and usually fail to express the costimulatory molecules CD28 and CD27, we first assessed whether MCMVspecific CD8 T cells express NKG2D. C57BL/6 mice were infected with MCMV and then sacrificed at various times postinfection. MCMV-specific responses were assessed by ICS for IFN-␥, and NKG2D expression determined by costaining with the NKG2D-specific antibody (Fig. 1A) . Figure 1B shows that the rate of acquisition of NKG2D differed for different epitope-specific responses. CD8 T cells specific for m139 and m141 were mostly NKG2D positive from day 7 postinfection, whereas it took 30 days before the majority of CD8 T cells VOL. 81, 2007 NKG2D SIGNALING IN CTL LYSIS OF MCMV-INFECTED CELLS 12565 specific for M38 and M45 expressed NKG2D. However, most antigen-specific CD8 T cells continued to express NKG2D at 123 days postinfection. The phenomenon of m152/gp40's disproportionate impact on CTL lysis, which we wanted to address in these experiments, was described by using in vitro CTL lines. To confirm that NKG2D expression was maintained upon culture, we generated short-term polyclonal CTL lines specific for four epitopes and assessed their NKG2D expression. Figure 1C shows that the majority of cells in these lines continued to express NKG2D.
Impact of m04/gp34, m06/gp48, and m152/gp40 on expression of NKG2D ligands in infected macrophages. As described above, m152/gp40 has been shown to downregulate the RAE-1 family of NKG2D ligands. Neither m04/gp34 nor m06/gp48 has been reported to have any impact on NKG2D ligands. However, the previous reports of the downregulation of NKG2D ligands by m152/gp40 have all been carried out in infected fibroblasts. Because our recent characterization of the impact of immune evasion genes on CTL lysis was performed using the macrophage cell line IC-21, we wanted to confirm that m152/gp40 impacted RAE-1 expression in this cell line. Staining with NKG2D tetramers demonstrated that IC-21 cells constitutively express NKG2D ligands (Fig. 2 ). Upon infection with MCMV, the expression was downregulated, and this downregulation was not relieved by infection with viruses lacking m04 or m06. However, infection with MCMV lacking m152 allowed the expression of NKG2D at almost the same level as in uninfected cells. Three other MCMV genes, m145, m155, and m138, are known to downregulate one or both of the NKG2D ligands MULT-1 and H60 (16, 24, 25, 27) . The fact that, in IC-21 cells, infection with a virus lacking m152 restored NKG2D ligand expression to a level similar to that observed in uninfected cells suggested that RAE-1 molecules are the predominant NKG2D ligand expressed by IC-21 cells. This was confirmed by staining both infected and uninfected cells with antibodies against MULT-1, H60, and RAE-1 antibodies (data not shown).
Impact of NKG2D blockade on the ability of CTL to lyse MCMV-infected cells. In order to assess the extent to which m152/gp40's ability to inhibit CTL lysis can be attributed to its downregulation of NKG2D ligands, we used the blocking anti-NKG2D antibody (MI-6) to inhibit CTL lysis. We first determined the concentration of anti-NKG2D that could completely inhibit NKG2D signaling by titrating anti-NKG2D in a 51 Cr release assay using LAK cells against two cell lines that constitutively express NKG2D ligands: IC-21 cells and K42 cells. Polyclonal T-cell lines were generated against the indicated peptide epitopes and analyzed by FACS 10 days later. Antigen-specific cells were identified by tetramer staining (top panel), with the numbers representing the CD8 T cells that stained positive or negative for each antigen-specific tetramer. NKG2D expression on tetramer-positive cells is shown below, as indicated by the numbers for each FACS plot.
FIG. 2. m152 interferes with expression of NKG2D ligands on infected IC-21 macrophages. IC-21 cells were infected with the indicated viruses, stained with NKG2D tetramers, and analyzed by FACS. For each infected cell type, NKG2D-tetramer staining of uninfected cells is shown in gray for comparison. Figure 3 shows that maximal inhibition of lysis was achieved using an antibody concentration of 50 g/ml. We note that this concentration did not completely inhibit LAK lysis of IC-21 cells, presumably because other non-NKG2D-mediated LAK receptors are involved in the killing of that cell line (19) . We concluded that anti-NKG2D at a concentration of 50 g/ml could be used to block NKG2D signaling.
We then tested the impact of NKG2D blockade on the ability of MCMV-specific CTL to lyse IC-21 cells infected with the panel of immunoevasin-deficient MCMV viruses created by Wagner et al. (35) . Short-term polyclonal CTL lines were tested in 51 Cr release assays against targets incubated with anti-NKG2D or rat IgG at 50 g/ml. The results of a typical assay are shown in Fig. 4A . We tested CTL lines against eight different epitope specificities, and each epitope specificity was tested at least three times. To integrate the data from multiple assays, the results for each assay were normalized, with the lysis of each of the mutants, with or without anti-NKG2D, expressed as a percentage of the lysis in cells infected with ⌬m04ϩm06ϩm152 in the presence of rat IgG. An E/T ratio that was below the plateau of maximum killing was used for the calculation. The mean and standard error of multiple assays were then calculated. Figure 4B shows the results of these normalized assays for eight CTL specificities. In the cases where NKG2D blockade resulted in reduced CTL lysis, significant reduction of lysis by the addition of NKG2D is shown as indicated in the figure legend. The impact of NKG2D blockade was most clearly seen for M97-specific CTL. Importantly, NKG2D blockade reduced the lysis of targets infected with viruses that lacked m152 but not of targets infected with viruses in which m152 was present. This result is consistent with the above observation that IC-21 cells infected with a virus containing m152 do not express ligands capable of engaging NKG2D.
Several other H2-K b CTL specificities, M38, m139, and m141, also showed a significant impact of NKG2D blockade in some but not all viruses lacking m152. However, we saw no impact of NKG2D blockade on any of the H2-D b epitope specificities we tested. For the majority of epitope-specific CTL tested, NKG2D blockade in the absence of m152/gp40 did not cause a significant reduction of target lysis. Contribution of NKG2D blockade to m152/gp40's impact on CTL lysis. For those CTL that were affected by NKG2D blockade, we were interested in determining how much of m152/ gp40's impact could be attributed to its impact on NKG2D signaling. Figure 4C shows the normalized results from Fig. 4B , redisplayed in order to contrast the impact of m152/gp40 with the impact of NKG2D blockade. Even for the specificities that were most impacted by NKG2D blockade, such as M97, the addition of m152/gp40 caused a greater reduction of target cell lysis than was achieved by NKG2D blockade alone (e.g., for M97, 85% lysis by the ⌬m04ϩm06ϩm152 mutant virus in the presence of anti-NKG2D compared with 25% lysis by the ⌬m04 m06 mutant virus). We conclude that NKG2D blockade contributes only modestly to m152/gp40's impact on CTL lysis and then only for a minority of epitopes.
This investigation was prompted in part by the observation that m06/gp48 has a greater impact on cell surface MHC class I levels than m152/gp40 but generally has less impact on CTL lysis. In order to compare the impact of m152/gp40 and m06/ gp48 on CTL lysis with m152/gp40's impact on NKG2D signaling taken out of the picture, we graphed the lysis of cells infected with ⌬m04ϩm06 (m152/gp40 acting alone) and ⌬m04ϩm152 (m06/gp48 acting alone) mutant viruses, both in the presence of anti-NKG2D antibody. Figure 4D shows that, even when NKG2D signaling was blocked, m152/gp40 generally had a greater impact on CTL lysis than m06/gp48. We conclude that m152/gp40's disproportionate impact on CTL lysis cannot be explained solely by its ability to inhibit NKG2D ligand costimulation.
Impact of NKG2D on CTL lysis with different mouse strains and cell types. We considered the possibility that NKG2D signaling might play a greater role in CD8 T-cell lysis of primary rather than transformed cells or, possibly, of different cell types. To investigate this, we generated bone marrow macrophages (BMM⌽) and primary MEFs from C57BL/6 mice for use as target cells in the 51 Cr release assays. CD8 T-cell lines were generated against M38 and M97, and 51 Cr release assays were performed in the presence of blocking anti-NKG2D antibody or rat IgG as described above. Figure 5A shows that blocking NKG2D resulted in some inhibition of lysis by M97specific CTL in MEF and BMM⌽ targets and by M38-specific CTL in MEFs. However, as was seen with the IC-21 cells, the impact of NKG2D blockade was modest and made only a small contribution to the ability of m152/gp40 to affect CTL killing.
To test the impact of NKG2D blockade in a different mouse strain, we generated BMM⌽ cells and MEFs from BALB/c mice. Flow cytometry staining for the expression of NKG2D ligands on BALB/c MEFs and BMM⌽ cells revealed that H60 was downregulated by MCMV infection, but as expected, the downregulation was independent of m152/gp40 (data not shown). CD8 T-cell lines were generated against H-2 d -restricted M45 and pp89 peptides, and 51 Cr release assays performed as described above (Fig. 5B ). In this instance, we saw no impact on killing in the presence of blocking anti-NKG2D antibody. We conclude that NKG2D signaling has a small but perceptible impact on killing of MCMV-infected macrophages or fibroblasts from C57BL/6 mice but no impact on killing of infected primary cells generated from BALB/c mice.
The impact of NKG2D blockade is not determined by peptide-MHC density. Finally, we were intrigued by the finding that CTL specific for different MCMV epitopes differed in their susceptibility to NKG2D blockade (Fig. 4 ). We thought that costimulation via NKG2D might be required only when the target cell presents a low-avidity peptide target for the T-cell receptor (TCR). We postulated that those MCMV-specific CTL that were affected by NKG2D might be specific for epitopes that are poorly presented by infected cells, resulting in a suboptimal number of peptide-MHC complexes at the cell surface. To test this idea, we performed a CTL assay in the presence or absence of anti-NKG2D using IC-21 targets incubated with a range of peptide concentrations. If NKG2D costimulation contributes to CD8 T-cell activation when the peptide-MHC density is low, we expected that anti-NKG2D would inhibit lysis at lower peptide concentrations. However, Fig. 6 shows that anti-NKG2D did not inhibit CTL lysis at any concentration of peptide on uninfected IC-21 cells for any of the epitopes tested.
DISCUSSION
The fact that m152/gp40's efficacy in inhibiting CD8 T-cell function seems greater than its impact on MHC class I levels has been noted by several investigators (18, 20, 31, 35) . A simple explanation for this discrepancy seemed to be offered by the finding that, in addition to targeting MHC class I, m152/ gp40 could also target the RAE-1 family of NKG2D ligands. Since activated CD8 T cells express NKG2D, inhibition of NKG2D's costimulatory activity seemed a likely explanation for m152/gp40's disproportionate impact on CTL lysis. This explanation was rendered even more plausible by the clear demonstration of the importance of NKG2D costimulation in enabling the lysis of HCMV-infected targets by two pp65specific CTL clones (14) . However, the data presented here do not support this hypothesis. NKG2D inhibition did impact lysis by CTL specific for four epitopes, M97, M38, m141, and m139. Notably, this inhibition was only seen for targets infected with viruses lacking m152, confirming that m152/gp40 effectively inhibits the majority of NKG2D ligand expression in the IC-21 cells used in this assay. However, NKG2D inhibition had no impact on CTL lysis by polyclonal CTL lines specific for many of the MCMV epitopes tested (Fig. 4B ). For the epitope specificities for which NKG2D blockade did inhibit lysis, NKG2D blockade had a smaller impact on target lysis than did adding m152 to the genes expressed by MCMV (Fig. 4C ). When we directly compared the efficacies of m152/gp40 and m06/gp48 at inhibiting lysis in the presence of NKG2D blockade, it was evident that m152/gp40's impact on CTL lysis was greater than that of m06/gp48 (Fig. 4D) , despite the fact that m06/gp48 has a greater impact on cell surface MHC class I levels (31, 35) . m152/gp40's disproportionate impact must therefore have another explanation. One possibility would be that, acting at the peptide-loading complex, m152/gp40 has some level of peptide cargo discrimination, perhaps more effectively impacting higher-affinity epitopes that are likely to become immunodominant. Another possibility would be that m152/gp40 has yet further cellular targets that impact CTL efficacy. It is becoming apparent that some MCMV immune evasion genes do indeed have multiple cellular targets: for example, m152/gp40 targets MHC class I and RAE-1. The mechanism of m152/gp40's disproportionate impact thus requires further investigation.
It was surprising to note that NKG2D inhibition impacted CTL lysis by T-cell lines specific for only a subset of epitopes. The reason for this selectivity remains unclear. NKG2D seems to play a costimulatory role when TCR stimulation might be suboptimal, such as in tumor or autoimmune epitopes. The initial observation that NKG2D provided necessary costimulation for HCMV-infected targets seemed in keeping with this idea, since HCMV profoundly downregulates MHC class I. Hence, we suspected that the MCMV epitopes affected might be those that presented lower-avidity ligands for CTL, either because they were present at low epitope density on the surface of infected targets or because they presented low-affinity ligands for the TCR. We have not directly assessed the affinity of peptide-MHC for the TCR. However, we note that the epitopes that were affected by NKG2D were not obviously of low affinity for the TCR, as assessed by peptide titration (compare Fig. 4 and 6 ). Furthermore, peptide titration on IC-21 cells in the presence or absence of NKG2D blockade provided no evidence for the hypothesis that NKG2D costimulation would prove crucial when peptide MHC density is limiting, at least for the target cells used in this assay. Hence, the reason for NKG2D's affecting only a minority of epitopes remains unclear.
Finally, our studies of NKG2D expression on MCMV-specific CD8 T cells revealed an unexpected feature. NKG2D was expressed on the majority of memory CD8 T cells by 3 weeks postinfection. However, the rate at which CD8 T cells specific for different epitopes acquired NKG2D was quite different: m139-and m141-specific CD8 T cells were almost entirely NKG2D positive by day 7 postinfection, whereas the total population of CD8 T cells specific for M38 and M45 took much longer to become positive. This difference does not correlate with continued activation during the chronic phase of infection. Responses to both M38 and m139 undergo pronounced "memory inflation," whereas responses to both M45 and m141 contract severely in the chronic phase. m139 and m141 are both members of the same gene family and appear to play an important role in macrophage tropism, whereas M45 is involved in endothelial cell tropism, and the role of M38 is not known. Hence, one possible explanation for these epitopespecific differences could be the types of target cells that express greater quantities of the antigens in vivo. This speculation obviously requires further investigation. We do note, however, that the slow rate of acquisition of NKG2D positivity by M45-and M38-specific CD8 T cells is the exception to the rapid acquisition of NKG2D that has been more commonly described in the literature.
The importance of NKG2D in CMV biology can be deduced from the number of genes that both MCMV and HCMV devote to downregulating its ligands. Inhibition of NKG2D signaling has a major impact on the efficacy of murine NK cells, resulting in significantly higher virus titers in the first few days of infection. Our data suggest that NKG2D signaling in NK cells is likely the major focus of the viral genes that inhibit NKG2D ligands and that targeting NKG2D on CD8 T cells has only a minor impact on CTL function.
